Gamete-gamete adhesion in Chlamydomonas has long been attributed to large glycoprotein particles (gamone) on the flagellar membrane surface.
opposite gametes. Our study of Chlamydomonas moewusii shows that such particles isolated from the cell medium are really membrane vesicles with mastigonemes (flagellar appendages) attached. The vesicles appear to bleb off the flagellar membrane as a normal process. Purified mastigonemes have no isoagglutinating activity, while purified membrane vesicles (with no mastigonemes attached) retain activity. Therefore, the large particles isolated by others from the cell medium of Chlamydomonas and thought to be equivalent to the gametic adhesion substance are in fact membrane vesicles upon which the adhesion sites are located, and these sites are probably much smaller than was previously supposed. Mastigonemes appear to have no role in gamete adhesion.
Chlamydomonas is a biflagellate, unicellcular chlorophycean alga which has the potential, under nutrient-deficient conditions, to differentiate into gametes without morphological alteration or cell division (1, 2) . A molecular differentiation of the flagellar membrane surface occurs during gametogenesis that results in the adhesive quality of the gametes (3) (4) (5) . In heterothallic species, i.e., species having (+) and (-) mating types, the molecular differentiation can be demonstrated by mixing populations of gametes of opposite mating type and observing agglutinated clumps of mixed gametes caused by adhesion of flagella (3, 6) . Before (3) observed that the substance involved in gamete-gamete adhesion, and referred to as gamone, is released into the medium by functional gametes. Upon differential centrifugation of the cell-free medium of one mating type, a pellet is obtained. When added back to gametes of the opposite mating type, the partially purified pellet will cause the gametes to adhere to each other, thus mimicking a true mating reaction with the exception that gamete fusion does not follow. Such an agglutination of like gametes is termed isoagglutination. At least three species of Chlamydomonas are known to release gamone into the medium, namely, C. eugametos (7), C. moewusii (8) , and C. reinhardtii (9) . The gamone of C. eugametos has been characterized as a glycoprotein with a molecular weight of 1 X 108 (6). Both Forster et al. (6) and Lewin and Meinhart (10) observed large, spherical particles around the flagellar tips of Chlamydomonas which could be within the size range of gamone particles.
Because of the paucity of data with the Chlamydomonas flagellar surface and in the more general interest of understanding the origin and differentiation of gamete contact surfaces, we began to isolate gamone from C. moewusii, to study it ultrastructurally, and to determine its relation to the gamete contact mechanism in Chlamydomonas.
MATERIALS AND METHODS
The (+) and (-) mating types of Chlamydomonas moewusii were obtained from the Indiana University Culture Collection (culture Nos. 96 and 97, respectively). The organisms were grown at 220 ± 1°in 300-400 foot candles (3200-4300 lux) on growth medium (5) solidified with 1.5% agar.
In order to induce gametogenesis, cells from each mating type were scraped from the surface of 20 agar plates (2-4 weeks old), suspended separately in 300 ml of induction medium (5) , and placed in the dark overnight. The next day, the cultures were removed to light and, after 3-6 hr, were tested against opposite gametes to ensure that gametogenesis had occurred.
Gametic cells were then pelleted from the induction medium by centrifugation at 1000 X g (mid-tube) and the supernate spun at 8650 X g for 20 min in an IEC B-20 refrigerated centrifuge. The second supernate was centrifuged at 28,200 X g for 1 hr to obtain the pellet of gamone. It was tested for isoagglutinating activity with opposite gametes and also examined with the electron microscope on formvar-coated grids after negative-staining with 2% phosphotungstic acid in 0.4% sucrose solution (pH 7.0). The gamone pellet was then suspended in 2.8 M CsCl in 10 mM Tris-HCl buffer (pH 7.8) and centrifuged at 149,000 X g for 22 hr in a Beckman L3-50 ultracentrifuge with a Type SW 50.1 rotor. A single broad band appeared at 1.7 cm from the bottom of the 5-cm tube for culture No. 97 and at 1.1 cm for No. 96. The tubes were punctured and 20 drop fractions collected. The fractions were rinsed and pelleted in induction medium and the isoagglutination test and negative-staining were performed.
Pure membrane fractions from the CsCl gradient were rinsed, pelleted, and embedded in growth medium agar. The material was then fixed in 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 2 hr in the cold. After rinsing with the same buffer for 1 hr, the material was put into 2% osmium tetroxide-2% potassium ferrocyanide (11) in buffer for 2 hr in the cold. A 1-hr buffer rinse was followed by dehydration and embedding in low viscosity Spurr medium (12 In our attempts to negatively-stain whole flagella, it soon became obvious that the attachment of mastigonemes was fragile and they were easily lost during preparation. This fragility worked to our advantage when during density gradient centrifugation, the small number of mastigonemes remaining on the vesicles could be easily removed.
Fractions from the broad band in the CsCl gradients contained only vesicles (Fig. 3) . This fraction had strong isoagglutinating activity. Such purified fractions contained neither mastigonemes, nor other large particles attached to the vesicles. These pure vesicle fractions were fixed, embedded, sectioned and post-stained. Observation of the sectioned material confirmed the membrane nature of the vesicle, existence of the fuzzy coat, and the purity of the fraction (Fig. 4) .
A pure preparation of mastigonemes was obtained from the 28,200 X g supernate after centrifugation at 106,500 X g (Fig.  5) . This preparation, when tested for isoagglutination activity, confirmed a negative mating response. DISCUSSION Our results indicate that the gamone particles or isoagglutinins isolated by Forster et al. (6) and Wiese (3) from the cell medium are not the adhesive particles, per se, that are responsible for gamete adhesion. Instead, they are flagellar membrane vesicles upon which many small receptor sites probably are located. We have demonstrated previously that there are at least two different types of receptor sites on the flagella of Chlamydomona: one is responsible for gamete adhesion, and the other binds concanavalin A (5). Indeed, the term "gamone", used by previous investigators (3, 6-9) for the "sex-specific substances" of Chlamydomonas, would still be applicable if used for the gamete adhesion sites on the flagellar membrane and not for the active vesicles that bud off the flagellar membrane into the medium. It would be advisable at this time to caution investigators of other cell systems, who obtain an adhesive "factor" with an unusually large molecular weight, to determine if the "factor" is, in fact, a membrane fragment or vesicle with smaller adhesive sites attached.
Studies of various receptor sites on mammalian cell surfaces have demonstrated that such sites are not recognizable morphological entities and, that, in order to locate them, they must be cytochemically labeled with large, electron-dense molecules such as ferritin (13, 14) or colloidal iron hydroxide (15) . One could assume that the same nonmorphological recognition of receptor sites may also apply to Chlamydomonas. This appears to be confirmed by the lack of any structures other than the fuzzy coat on the purified, active vesicles. On this basis, we believe that the chemical composition of functional gamone should be re-evaluated, since the original investigation (6) undoubtedly was made with a vesicle fraction (probably with mastigonemes) which contained a mixture of molecular species.
Previous investigators of the Chlamydomonas mating reaction (6, 10) have observed large, "gamone" particles with the electron microscope using carbon-shadowing techniques. Although we repeated this, it was not until we negativelystained flagella with phosphotungstic acid and sucrose that we observed membrane vesicles with fuzzy coats and mastigonemes. The vesicles of the (+) and (-) mating types were structurally identical as were the mastigonemes. The only differences between the membrane vesicles of the two mating types occurred during CsCl gradient centrifugation when they consistently layered at slightly different levels. This is undoubtedly due to differences in molecular weights of the membrane components.
Mastigonemes have been found on flagella of C. reinhardtii by others (16, 17) . We have observed mastigonemes on gametes and vegetative cells of C. moewusii and C. eugametos (Laurendi, Triemer, McLean, and Brown, unpublished data). Earlier in our investigation, we thought that mastigonemes might be involved in gametic adhesion. They were the only recognizable structures on the flagellar surface whose molecular weight could possibly be near that described by Forster et al. (6) for gamone. Additionally, mastigonemes appeared in all our gamone preparations, either free or attached to membrane vesicles. However, our evidence indicates that isolated and purified mastigonemes have no isoagglutinating activity. The function of mastigonemes on Chlamydomonas flagella may be related to swimming like those in Ochromonas (18), although the basic structures are different.
Additionally, we have isolated gamone from C. reinhardtii and found it in the preliminary stages of purification to be composed of membrane vesicles with mastigonemes attached. A similar investigation also has been undertaken by Snell et al. (19) . As the case with Snell, we had difficulty in purifying the vesicles due to the tenacity with which the mastigonemes adhere to the membranes. Thus, the possible role of mastigonemes in gametic adhesion in this species cannot be ruled out; however, we have tested preparations of isolated mastigonemes of C. reinhardtii and have found no activity. The 
